Although neural stem and progenitor cells have been shown to differentiate into neurons, few studies have examined the physiological properties of the differentiated neurons derived from stem cells. Here we show that mouse brain progenitor cells (mBPCs) differentiated in culture by removal of mitogenic factors or addition of BDNF or GDNF express neuronal-specific proteins including MAP-2 and synaptobrevin II.
INTRODUCTION
The fundamental functional properties of neurons are to receive, process, and transmit signals. The presence of appropriate voltage-gated and ligand-gated ion chanTransplantation of neuronal stem cells has been widely anticipated as a potential therapy to replace in the damnels, the ability to generate action potentials, and the formation of functional synapses are all critical funcaged central nervous system. Several studies have shown that neural stem and progenitor cells can differentiate tional features of neurons. Voltage-gated Na + and K + channels are critical in the presynaptic cell to generate in vitro into neurons, astrocytes, and oligodendrocytes (7, 9, 15, 18, 21) . From these studies, a variety of in vitro the action potentials for initiating the electrical signal. Ligand-gated channels convert extracellular chemical media formulations, culture conditions, and growth factors have been used to induce stem cells and progenitors signals into electrical signals in the postsynaptic membrane, which allows cells to respond to synaptic inputs. to differentiate into neurons. The main criterion used to determine if stem cells have differentiated into neurons Therefore, electrophysiology is needed to define if differentiating neurons gain the necessary functional prophas been immunocytochemisty to detect cell type-specific expression of neuronal markers such as MAP-2 and β-erties that allow neurons to integrate into synaptic circuitry. Presently it is not well understood what combination of III tubulin. However, there is relatively little information about whether the "differentiated" neurons develop growth factors or environmental conditions is needed for neural stem and progenitor cells to develop functional functional neuronal properties (13, 23, 25) , or their potential for physiological differentiation in the mature CNS neuronal properties. Knowing whether stem cells can differentiate into functional neurons in vitro will be critienvironment. cal for determining whether these cells have the poten- (4, 27) . Twenty-four hours later, mBPCs spheres were dissociated and cocultured with the rat hippocampal tial to differentiate functionally into neurons after transplantation into the adult nervous system. neurons. For transplantation of undifferentiated mBPCs into An additional concern is whether local interactions with host cells will prevent the differentiation or integraspinal cord, cells were dissociated from neurospheres and prepared at a concentration of 30,000 cells/µl in tion of transplanted cells into the target environment or even induce differentiation of predifferentiated neurons. Cultured cells were fixed with 4% paraformaldehyde for 25 min and permeabilized with 0.2% Triton X-100. hippocampal neurons, the progenitor cells differentiate into neurons expressing MAP-2, develop large voltageDouble label immunocytochemistry was performed using a combination of mouse monoclonal antibodies gated Na + currents, and are able to generate action potentials. When undifferentiated mBPCs were transplanted (GFAP-Chemicon, 1:500; MAP-2-Sigma, 1:1000; and synaptobrevin/VAMP 2-Synaptic Systems, 1:1000) and into the adult nervous system, cells maintained NG2 immunoreactivity with few gaining MAP-2 reactivity and rabbit polyclonal antibodies (NG2, 1:500; Chemicon). Both mouse monoclonal and rabbit polyclonal antibodremained local to the injection site within the white matter. However, mBPCs predifferentiated for 4 days in ies were added to the cells at the same time in blocking solution containing 1% bovine serum albumin (BSA) for vitro prior to transplantation migrated throughout the white and gray matter and ϳ23% cells developed MAP-40 min at room temperature. Cells were then thoroughly washed followed by incubation in goat anti-mouse IgG 2 immunoreactivity 8 weeks after transplantation.
Alexa 633 and goat anti-rabbit IgG Alexa 546 secondary MATERIALS AND METHODS antibodies (1:1000, Molecular Probes) for 60 min. The Cell Culture goat anti-mouse secondary antibody was cross-absorbed against bovine, goat, rabbit, rat, human IgGs and human Neurospheres of mouse brain progenitor cells (mBPCs) used in this study were isolated from the brains of newserum. The goat anti-rabbit secondary antibody was cross-absorbed against bovine, goat, mouse, rat, and huborn enhanced green fluorescent protein (EGFP)-expressing transgenic mice [TgN(β-act-eGFP)04Obs] (20) and man IgGs. Control immunostaining was performed without primary antibodies. Hoechst 33342 (5 µg/ml) was were cultured as previously reported (24). Briefly, cells were maintained as neurospheres in serum-free DMEM/ added for 10 min to label nuclei of all cells. Immunofluorescent-labeled cells were examined on a Nikon inHam's F12 1:1 (Life Technologies, Rockville, MD) supplemented with N2 components (Life Technologies), verted microscope with appropriate fluorescence filters. Images were captured with a CCD camera and digitized penicillin-streptomycin (100 IU/ml) (Sigma, St. Louis, MO), recombinant human epidermal growth factor using a frame grabber and the Metamorph software (Universal Imaging, West Chester, PA) and Image Pro (EGF; 20 ng/ml, Sigma), and recombinant human basic fibroblast growth factor (bFGF; 20 ng/ml, Sigma). For (Media Cybernetics, San Diego, CA). Immunopositive cells in three fields of approximately 60-100 cells were differentiation, neurospheres were harvested, dissociated, and plated on collagen-laminated or on poly-L-lysinecounted for each antibody combination, performed in at least three independent experiments. coated glass 12-mm coverslips in DMEM/Ham's F12 1: 1 supplemented with B27 for 10 days. In some cases, Electrophysiology 10 ng/ml brain-derived neurotrophic factor (BDNF) or 10 ng/ml glial cell-derived growth factor (GDNF) was Standard whole cell voltage-clamp recording methods were used to record ionic currents with a Swam IIC added to the differentiation media. Hippocampal neurons were isolated from E18-E19 rat pups and cultured amplifier (Celica, Slovenia). The patch pipette contained (mM): 105 KF, 35 KCl, 5 NaCl 10 EGTA, 10 HEPES, on poly-L-lysine-coated coverslips in DMEM/Ham's F12 1:1 supplemented with B27, as previously described pH 7.4. The bath contained (mM): 140 NaCl, 5 KCl, 2 CaCl 2 , 2 MgCl 2 , 10 HEPES, pH 7.4. Liquid junction the cells in the suspension before injection. We controlled the depth of needle penetration to 0.5 mm so the potentials between the bath and the pipette solution were corrected. Electrode resistance was in the range of [3] [4] [5] injection site was at the boundary of the gray and white matter. MΩ. The voltage error due to series resistance was 7lt; 3 mV after compensation. Capacitance and leakage curMice were sacrificed at 1, 2, 4, and 8 weeks after transplantation, with three mice for each time point. rents were subtracted by the use of a P/−8 correction protocol from the holding potential. Data were collected
Mice were transcardialy perfused with 4% paraformaldehyde before dissection of the spinal cord. The cord between 5 and 15 min after the establishment of the whole cell configuration in order to avoid time-depenwas then incubated in 30% sucrose at 4°C overnight before freezing in OCT (Optimal Cutting Temperature) dent changes of currents. For recording voltage-dependent current, we use a step protocol from −120 to 60 embedding medium. Transverse sections (20 µm) were cut and mounted onto glass slides for storage. The tismV in 20-mV increments. For recording AMPA receptor currents, the cell was held at −100 mV and a BPS-4 sues were incubated in blocking solution (5% goat serum, 1% BSA, 0.1% Triton X-100 in PBS) before imperfusion system (ALA Scientific Instruments, New York) was used for drug application. The system was munostaining as described above. For quantification of transplanted cells observed in white or gray matter, cells triggered by digital signals from DigiData 1322A digitizer (Axon Instruments). In order to identify recorded from six sections around the injection sites from each animal at 4 and 8 weeks after transplant were quantified. cells, we added 10 mM neurobiotin and/or 50 µM Alexa 568 in the recording pipette solution. After recording, Cell counting was performed by independent investigators blind to treatment condition. For quantification of cells on coverslips were then fixed with 4% paraformaldehyde and immunostained as described above or lamBPCs in spinal cords expressing MAP-2 after 8 weeks, at least 12 sections from two animals were quantified. beled with streptavidin conjugated with Alexa-633. Whole cell currents were low-pass filtered at 10 kHz RESULTS and acquired with a DigiData 1322A digitizer using
The Properties of mBPCs Clampex 9.0 (Axon Instruments) and sampled at 20-50 kHz. Action potentials were recorded with current clamp mBPCs were originally isolated from β-act-eGFP transgenic mice that expressed EGFP (Fig. 1A ) driven mode. All experiments were performed at room temperature. All the data were analyzed with Clampfit 9.0 by the β-actin promoter (20) (see Materials and Methods). To investigate the properties of progenitor cells (Axon Instruments) and Sigma plot.
as a baseline for subsequent studies of differentiation, Transplantation mBPCs were cultured and expanded as undifferentiated neurospheres in media containing bFGF and EGF. The NIH and institutional IACUC guidelines for the care and treatment of all animals were strictly followed. Male cells were cultured onto adherent substrate for 5-6 h before both immunocytochemistry and electrophysioladult C57/BL6 mice (8-10 weeks) were used in this study because it was the same background strain of mice ogy were performed. mBPCs were mainly NG2 positive (85.2 ± 12.4%) (Fig. 1B and Fig. 2B ) and did not exfrom which the mBPCs were isolated. Mice were deeply anesthetized with isofluorane, and then a dorsal laminecpress markers for differentiated phenotypes such as MAP-2 (<0.01%) expressed in neurons or GFAP tomy was performed at the L1 spinal vertebrae, as previously described (14) . A small incision was made in (<0.01%) expressed in astrocytes (Fig. 2B ). Whole-cell recordings were performed to determine the electrophysthe dura overlaying the dorsal surface of the spinal cord. Either undifferentiated or predifferentiated mBPCs were iological properties of the undifferentiated progenitor cells. Undifferentiated mBPCs exhibited a high-input retransplanted into the mouse spinal cords by injection. In order to minimize variability in the properties of mBPCs, sistance and voltage-gated K + currents (Fig. 1C ) but no voltage-gated Na + currents. Consequently, these progenundifferentiated and predifferentiated mBPCS for transplantation were from the same batch of neurospheres.
itor cells were not able to generate an action potential. Previous studies have shown that NG2-positive oliFor transplantation, the cells were injected (0.5 µl; 15,000 cells) unilaterally at the boundary of the gray and godendrocyte precursors express AMPA-kainate receptors and no glutamate transporter (10, 28) . To determine white matter through a glass micropipette (100 µm tip diameter) with a MicroSyringe pump (World Preciwhether these progenitor cells were of the oligodendrocyte precursor class, we examined whether these cells sion Instruments, Sarasota, FL) at a rate of 30 nl/s. The glass pipette was positioned at 45°to the dorsal surface contain glutamate-activated current. Application of 10 mM glutamate evoked a rapidly desensitizing inward of the spinal cord. In order to keep the number of injected cells constant, we counted the concentration of current at −100 mV (6.9 ± 2.5 pA/pF) (Fig. 1C ) that was completely and reversibly blocked by administration of EGFP-expressing mBPCs were oligodendrocyte precursors (OPCs). the AMPA/kainate receptor antagonist CNQX (20 µM), indicating the presence of predominantly AMPA/kainate Differentiation of mBPCs With Growth Factors receptors (Fig. 1D) . We also tested whether these cells expressed glutamate transporters. D-Aspartate (10 mM) Previously these mBPCs were shown to differentiate into a neuronal phenotype by removal of the trophic facdid not evoke any current in these cells (data not shown), indicating the absence of functional glutamate transporttors bFGF and EGF (24). We have extended this initial observation by determining whether the addition of growth ers. Based on the NG2 immunoreactivity, high input resistance, presence of AMPA/kainite receptors, and abfactors enhances this differentiation process. Cells were differentiated on adherent substrate for 10 days with no sence of glutamate transporters, we conclude that these Figure 2 . mBPC differentiated and expressed neuron-specific and astrocyte-specific proteins. (A) mBPCs cultured in no growth factors, 10 ng/ml GDNF, 10 ng/ml BDNF for 10 days and immunostained for MAP-2, synaptobrevin II, and GFAP (red). Nuclei of all cells were labeled with Hoechst 33342 (blue). A different field of cells is shown for each panel. The majority of the cells express neuronal-specific protein MAP-2 and synaptic protein synaptobrevin II. However, synaptobrevin II is expressed in the cytoplasm of the cells and not in the processes. There was expression of GFAP-positive astrocytes as well. Neuronal protein expression was similar in all treatment conditions. (B) Summary of immunostaining. Cells were immunostained for MAP-2, synaptobrevin II, GFAP, and NG2 in each culture condition. Cells were immunostained after dissociated spheres were cultured in bFGF/EGF medium onto poly-L-lysine-coated coverslips after 6 h or after culture in medium containing BDNF or GDNF for 10 days. The means with standard errors were obtained from at least three independent experiments. There was no GFAP, MAP-2, and synaptobrevin II expressed in 6-h cultures of the cells. growth factors (removal of bFGF and EGF) or with the currents was insufficient for the generation of action potentials. Similarly, cells differentiated with GDNF addition of BDNF or GDNF after removal of proliferation factors bFGF and EGF. Immunocytochemistry reexhibited relatively small voltage-gated Na + currents (250 ± 100 pA) while cells cultured with BDNF had Na + vealed that in all three differentiation conditions, cells extended neuron-like processes and expressed MAP-2 currents were not significantly different from cells 10 days earlier, 6 h after plating (50 ± 10 pA) (Fig. 3B ), (Fig. 2 ). There were no significant differences in morphology or the percentage of cells expressing MAP-2 suggesting that BDNF prevented the increase in Na + channel expression. Together these data suggest that alin cells differentiated in the absence of growth factors (44.5 ± 4.1), BDNF-containing media (47.3 ± 17.5), or though the cells demonstrate a neuronal morphology and express mature neuronal proteins, functional neuronal GDNF-containing media (50.1 ± 3.7) (Fig. 2B) . In all three differentiation conditions, there was a corresponding properties are not fully developed. After 10 days following in vitro differentiation in culdecrease in NG2-expressing cells (Fig. 2B) . Differentiating cells expressed the presynaptic vesicle protein synapture, cells detached from the substrate, preventing patchclamp recording. Thus, we were unable to determine tobrevin II in similar numbers ( Fig. 2A, B) . However, synaptobrevin II was localized mainly in the perikaryon and whether cells beyond 10 days in differentiation medium might become functional neurons. not in the neuronal processes, an indication of neuronal immaturity. In addition to most of the cells expressing Differentiation of mBPCs With Coculture MAP-2, a minority of cells (13-26%, depending on the of Hippocampal Neurons medium) expressed the astrocyte marker, GFAP (Fig. 2B) .
Whole-cell voltage clamp recordings were performed Because mBPCs differentiated in vitro did not survive for more than 10 days, we wondered whether coto determine if the cells gained neuronal properties including voltage-gated Na + currents and the ability to culture with neurons would enhance the survival and differentiation of mBPCs. Hippocampal neuron cultures generate action potentials. Undifferentiated cells cultured for 6 h demonstrated voltage-gated K + currents from E18-E19 rat pups have been used to study physiological properties of neurons in culture and contain (1778 ± 400 pA), but small voltage-gated Na + currents (57 ± 11 pA) (Fig. 3) . Recordings of cells differentiated mainly neurons, with a small proportion of astrocytes, as previously described (4, 27) . Over a 2-week period, in the absence of growth factors for 10 days, the longest duration that we could maintain viable cells in this culthese cultures differentiate morphologically and develop functional neuronal properties, including the ability to ture condition, demonstrated larger voltage-gated Na + currents (Fig. 3A, B) ; however, the density of the Na + generate action potentials and form functional synapses ( Fig. 5E) (4,27) . We cocultured our undifferentiated mBPCs with the rat hippocampal neurons to determine if this environment would promote the functional maturation of mBPCs. The mBPCs could be distinguished from the rat hippocampal neurons because they express EGFP. Similar to hippocampal neurons, the majority of mBPCs expressed MAP-2 (93.0 ± 4.2%) after 10-11 days of coculture, although at this time there was little expression of the presynaptic markers synaptobrevin II (Fig. 4) or synaptophysin. Unlike the defined media differentiation culture conditions, mBPCs survived in cocultures with hippocampal neurons for at least 3-4 weeks, and they maintained a neuron-like morphology and expressed MAP-2 (98.0 ± 1.4%) (Fig. 4) . At this time, expression of the presynaptic proteins synaptobrevin II (Fig. 4) and synaptophysin (data not shown) was so dense that it was difficult to determine if it was expressed in differentiated mBPCs or rat hippocampal neurons.
We performed electrophysiological recordings from the mBPCs cocultured with the rat hippocampal neurons to determine whether these cells gain functional neuronal properties. mBPCs cocultured with rat hippocampal neurons after 30 days developed larger voltage-gated Na + and K + currents, as well as large CNQX-sensitive glutamate-activated currents (Fig. 5) . The voltage-gated currents were sufficient to support the generation of action potentials (Fig. 5A, D) . Thus, though differentiation by removal of the growth factors bFGF and EGF can stimulate the differentiation of mBPCs towards a neuronal phenotype, coculture with neurons permitted these differentiating cells to generate the appropriate conductances to support action potential generation. During our recordings we did not see evidence of synaptic currents in the differentiated mBPCs; therefore, there are functional components of neuronal maturation that do not develop. In comparison with mBPCs, the neurons cocultured with mBPCs exhibited spontaneous synaptic activity and generated action potentials (Fig. 5E) .
Differentiation of mBPCs In Vivo
Having determined that the mBPCs possessed the ability to differentiate into functional neurons, we asked spinal cord at the border of the gray and white matter and were examined 1-8 weeks later. EGFP-expressing mBPCs were detected in the adult tively). Because about 20% predifferentiated cells were MAP-2 positive prior to transplantation, the result indispinal cord close to the site of injection 1-2 weeks after transplantation. There was no significant difference becates that the transplanted MAP-2-positive cells did not survive in the spinal cord. When we inspected spinal tween predifferentiated and undifferentiated cells in pattern of immunostaining of the EGFP-expressing cells: cords 4-8 weeks after transplantation, the majority of mBPCs that were transplanted in an undifferentiated cells were neither GFAP nor MAP-2-positive and the majority expressed NG2 (89% and 91% for predifferenstate were located in the white matter ipsilateral to the injection site (Fig. 6A, B) . Few of these cells expressed tiated and undifferentiated transplanted cells, respec-the neuronal marker MAP-2 (4.4 ± 1.3%) (Fig. 7) . In transplantation of undifferentiated progenitors did not migrate significantly from the injection site and intecontrast, transplanted cells that had been predifferentiated in the absence of growth factors in vitro for 4 days grated mainly in the white matter ipsilateral to the injection site. Conversely, predifferentiated mBPCs migrated were observed throughout the gray and white matter with the majority of cells being found in the gray matter and integrated into both gray and white matter of the spinal cord with many cells differentiating to express (57.3 ± 9%) (Fig. 6A, B) . Furthermore, many predifferentiated mBPCs transplanted to spinal cord expressed neuronal markers. Based on the findings from this study, it is possible that both the environment of the spinal cord MAP-2 (22.8 ± 3%) (Fig. 7) compared to transplants of undifferentiated mBPCs (4.4 ± 1.3%) (Fig. 7) . These reand the stage of differentiation may affect migration and differentiation of cells after transplantation. Further sults suggest that both the environment of the spinal cord and the state of differentiation of cells determine studies will be required to determine the mechanism that allows the predifferentiated cells to migrate to both the the migration pattern and differentiation pathway after transplantation.
white and gray matter of the spinal cord. Neural stem and progenitor cells have been trans-DISCUSSION planted successfully into the mammalian spinal cord (5, 19, 26) . Few studies have examined the effects of the We used immunocytochemistry in combination with electrophysiology to define the phenotypic and physiocells' predifferentiation state on the differentiation of neural stem and progenitor cells transplanted into the logical properties of mBPCs before and after differentiation into a neuronal linage. The mBPC neurospheres adult brain environment. In studies where neural stem cells have been transplanted to adult spinal cord, the reused in this study were mainly NG2 positive and their electrophysiological properties were consistent with an sulting cells differentiated mainly into astrocytes (5).
Recently, a report suggested that transplantation of neuidentity as oligodendrocyte precursors (OPCs). These precursors demonstrated no voltage-gated Na + currents, ronal-restricted progenitors derived from spinal cord exclusively differentiated into neurons after transplantation relatively small voltage-gated K + currents, and an inability to generate action potentials, similar to adult NG2-to the adult spinal cord (11) . Although in our study we did not get exclusive neuronal differentiation, our results positive stem cells previously described (1-3,6 ). The mBPCs are neural progenitors with the capacity to difsuggest that brain-derived progenitors can differentiate into neurons in the adult spinal cord. Perhaps a longer ferentiate into a neuronal phenotype in culture. Removal of trophic factors bFGF and EGF led to differentiation period of differentiation in vivo or additional in vitro predifferentiation may yield a greater frequency of neuof cells with neuronal morphologies and expression of mature neuronal markers ( Fig. 2A, B) . However, analyronal differentiation. Future studies will also be needed to determine whether the transplanted cells expressing sis of these "differentiated" neuronal cells showed that they possess only small voltage-gated Na + currents and neuronal markers develop functional neuronal properties in vivo. are not able to generate action potentials (Fig. 3) . Interestingly, addition of BDNF after removal of bFGF and
